Electrokinetic treatment uses low intensity direct electric current or a low electric potential difference, to improve the engineering properties of subsurface soils while having minimum disturbance to the surface. This study aims to investigate the effects of chemical-electrokinetic treatment on properties of two types of clay soils at different intervals under the coupled Chemical, Hydraulic and Electrical (CHE) gradient. "Chemical-electrokinetic treatment" refers to improvement of soil with electrokinetic together with addition of chemical enhancement solution. The enhancement solutions used in this study are hydrated lime and saline solution. The combined effects of these processes together with various electrochemical and geochemical reactions would change the chemical composition of the soil porous medium, hence modifies the properties of the soil. The experiments were conducted in the laboratory using stainless steel electrodes under total applied voltage of 30 V for period of 15 days. Two types of fine-grained soils, kaolinite and bentonite, were used as they possess different mineralogy and geotechnical properties. The cumulative electro-osmotic flow and electric current flow through the soil samples were measured for period of 15 treatment days. Subsequently the specimens were tested for moisture content, pH and Atterberg Limit variations and the results have been reported. Test results revealed that there is a potential of developing this technique to improve engineering properties of finegrained soils, in particular to stabilise and improve soft soils for infrastructure management and constructions.
Introduction
The electrokinetic technology, which is an alternative method to the conventional ground improvement methods, involves electrochemical electro-osmosis stabilization in fine-grained soils. This method has been chosen in this study because it is cost-effective, applicable to insitu and ex-situ testings, rapid installation and easy to operate, having silent operation, having relatively short treatment duration, and can be implement in some existing structures. The use of the electrokinetic treatment, which is a comparatively new methodology, is being investigated in some parts of the world as a viable in situ soil stabilization and treatment method [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . "Chemical-electrokinetic treatment" refers to improvement of soil with electrokinetic treatment together with the addition of chemical enhancement solution. The combinations of all complex electrochemical processes cause several modifications in physicochemical, hydrological and engineering properties of the fine-grained soils under an electric field for construction purposes. Therefore in this study, investigations are carried out at laboratory scale to identify the effects of chemical-electrokinetic processing on physical and chemical characteristics of two types of fine-grained soils. Moreover, this study aims to investigate the potential application of this technique as a viable in situ soil treatment method in particular to improve soil physical properties.
The principles of the electrokinetic treatment method involve applying a low Direct Current (DC) or a low potential gradient to electrodes inserted in the low permeable fine-grained soils. These soils possess specific mineralogical properties; hence they are electrically and chemically active. When a DC electric potential is applied to the soil, it stimulates the migration of electricity, pore fluid, ions and fine particles across the soil-liquid medium towards the oppositely charged electrode, hence creating a combined effects of a Chemical, Hydraulic and Electrical (CHE) gradient [12] . In this regard, the application of DC electric potential has various complex electrochemical effects such as:
i. The electrolysis reaction of water at the vicinity of electrodes results in an oxidation at the anode (generating an acid front) and reduction at the cathode (producing a base front) and that migrate towards each other [13] . The redox reactions are as follow:
Anode: 2H 2 
Where E 0 is the standard reduction electrochemical potential, which is the measure of the reactants in their standard states to proceed to products in their standard states.
ii. It establishes an electric potential difference, which may lead to generation of electro-osmosis [14] . Electro-osmosis is the flow of pore fluid through the soil that is recognized as the primary electrokinetic phenomena responsible for chemical species transport through the porous media. The flow rate depends on the coefficient of electro-osmotic permeability, k e [15, 16] .
iii. It generates the electric current flow mainly through the bulk pore fluid and along the particle surfaces through the Diffuse Double Layer (DDL) of the soil.
iv. It will lead to production of electrophoresis and electromigration through the sample. Electrophoresis is the motion of charged particles (usually micelles or colloids) relative to a fluid under an electric gradient, while electromigration is the gradual movement of the ions or charged electrical species under an electric gradient
This technique can also be enhanced by introducing chemical compounds such as lime or calcium chloride to the soil at the appropriate electrode, preferably anode. The combined effects of these processes together with various geochemical reactions alter the chemical composition of the soil porous medium and thereby modify the physicochemical properties of the soil.
Although the technology has proved to be practical in many laboratory and field tests, complicated features such as many electrochemical reactions and soil-liquid interactions are still not fully understood. In other words, a fundamental understanding of complex micro-structural behavior of different clay minerals based on experimental investigations is limited. Field electro-osmotic mechanism is different from laboratory experiment and moreover, the chemical-electrokinetic treatment with the injection of lime and saline enhancement solutions (chemical stabilizers) has rarely been studied. Therefore there is a need for a detailed experimental program to be conducted for a better fundamental understanding of the physical and chemical applicability and efficiency of this technology. In this regard, this study aims to verify the use of the chemical-electrokinetic treatment as a viable in-situ soil treatment method in particular to improve two types of soft soils via an extensive laboratory experiments. This study will further discuss the effects of electrokinetic treatment on the conductance phenomena and index properties of kaolinite and bentonite subjected to hydrated lime and saline enhancement solutions using stainless steel electrodes under the total applied voltage of 30 V (1 V/cm voltage gradient) for treatment duration of 15 days.
Properties of soil samples
According to the literature [3, 17] , the electrokinetic treatment method is more effective on silty clays with moderate plasticity such as kaolinite. In addition, kaolinite displays much lower buffering capacity because of lower cation exchange capacity (CEC) compared with other clay minerals. Therefore in this study, kaolinite clay (S1) was initially used to perform the laboratory experiments. This was followed by the experiments conducted on a different type of soil, bentonite (S2). Bentonite can lead to serious engineering problems such as slope or wall failures, differential settlements and large cracks due to its expandable nature. Moreover, bentonite shows a much higher buffering capacity because of higher (CEC) compared with other clay minerals, such as kaolinite [18] . In this regard, bentonite was selected as an alternative experimental soil in order to compare the results of the chemical-electrokinetic treatment technique to stabilize and improve its engineering characteristics through an extensive laboratory program. The initial properties of soils S1 and S2 are summarized in Table 1 .
Experimental model and setup
The laboratory experiments of the chemical-electrokinetic treatment of soil samples were carried out using the test model developed at the Griffith University. The schematic view of the experimental model has been shown in Figure 1 . The chemical-electrokinetic tests are performed in clear glass rectangular tanks of 38 cm in length and 20 cm in width, under highly controlled laboratory conditions. The soil was homogenously mixed with tap water with relatively high moisture contents near the liquid limit value of the soil. For the electrokinetic technique to work, the soil moisture should be conductive and high enough to permit electromigration but not fully-saturated [19] . The experimental soil was then manually placed in the tank and compacted in three layers with a tamping rod in order to remove all visible air pockets so that the final compacted thickness was approximately 17.0 cm. Tap water having a conductivity of 187 μS at 25°C was used for the slurry preparation to resemble actual field application. Then, two hollow stainless steel tubes, possessing some drilled holes through their walls, to allow the chemical enhancement solutions to move freely into the sample, were placed 32 cm apart at the ends of the tank to be served as electrodes. An outlet from cathode chambers was connected to the vacuum pump to facilitate collecting cathode effluent and measuring the cumulative electro-osmotic flow volume. The power distribution cables were attached to the electrodes and connected to the DC power supply, providing total voltage of 30 V.
The soils at various normalized distances of 0, 0.25, 0.5, 0.75 and 1 from the anode, were tested for variations in Moisture content (Mc), pH and Atterberg Limits as a result of chemical-electrokinetic process after duration of 15 days. The normalized distance is defined as the distance of the testing point from anode, over the total distance between the electrodes. In order to aid the electrokinetic process, soil samples were subjected to a slow continuous flow of two enhancement solutions (hydrated lime and saline solution). The saturated hydrated 1 United States Department of Agriculture Table 2 : Properties of the enhancement agents used in this study. soluble substance (liquid) that will turn water very viscous if enough is added. The physicochemical properties of the hydrated lime (slaked lime), calcium chloride and sodium silicate used in this study are shown in Table 2 . The enhancement liquids were permitted through the soil via anode by use of a thin flexible PVC tube connected to an external plastic reservoir, at a small external hydraulic head (with very low discharge of solution, almost dripping). For testing, the upper 20 mm was first removed to ensure that any surface drying/wetting or disturbance effects were avoided.
Test procedures
The cathode effluent (liquid) was extracted mechanically via a vacuum pump from the cathode well to measure the accumulated electro-osmotic flow volume for period of 15 days. The electric current between the electrodes was manually monitored using a digital multimeter for everyday. The index property tests were performed on samples retrieved from regular sections having average normalized distances of 0, 0.25, 0. 
Results and Discussions

Conductance phenomena during chemical-electrokinetic process
Upon the application of DC electric potential through the soil across the electrodes, the soil-liquid medium undergoes several physicochemical, hydrological and mechanical changes due to several complex electrochemical processes that take place within the soil porous media. Some of these processes are initiated immediately after the DC electric potential was applied (e.g. electrolysis of water, electroosmotic flow, current flow, etc), whereas several other progressions develop with time (e.g. variations in Mc, pH, etc). With the increase of treatment durations, some of these modifications (e.g. electrolysis of water, electro-osmotic flow and electric current flow) appear to continue but with a gradually decreasing rate. This is due to the several other system complications, which develop within the porous media hindering the continuation of chemical-electrokinetic processes. The most prominent observation of these experiments was the development of wet and dry areas between the electrodes due to positive electroosmotic flow from anode (positively charged electrode) to cathode (negatively charged electrode). ), take place under the combined effects of CHE gradient. In these experiments, within hours, liquids were observed accumulating in the cathode wells and were calculated as cumulative electro-osmotic flow through the sample. The Helmholtz-Smoluchowsky's (H-S) model is the most common theoretical electro-osmosis description and is widely accepted by geotechnical researchers [16, 18] . This model is based on the assumption that fluid transport through the soil pores as a result of excess positive charge transport in the DDL towards the cathode as well as other chemical species [20] . The DDL consists of a relatively mobile layer (outer layer) and a fixed layer (inner layer). Under an applied electrical gradient, the mobile part of the DDL moves towards the negatively charged electrode, which imparts a viscous drag on the free water in the porous medium and thus advances the mobility of water. If the soil pores are treated as capillary tubes, then the coefficient of electro-osmotic permeability (k e ) is expressed as:
Where ζ is the zeta potential (V), n is the porosity, η is the viscosity
) and D is the dielectric constant. The electro-osmotic flow rate is controlled by the coefficient of electro-osmotic permeability (k e ), which is a measure of fluid flux per unit area of the soil per unit electric gradient. Therefore, according to the H-S model, the electro-osmosis flow rate ( eo q ) is then described by:
Where ∆E is electric potential difference, ∆L is length of soil sample, and A is cross-sectional area of sample.
Based on the eq. (1), negative zeta potential (negative surface charge of the particles), will result in a positive electro-osmotic flow rate representing flow from anode to cathode, while positive surface charge cause electro-osmotic flow from cathode to anode. The transport of species across the porous media is mainly due to the electrokinetic transport mechanisms of electro-osmosis, electromigration and electrophoresis. Apart from these mechanisms, with the introduction of lime or saline solution, the long-term pozzolanic reactions may also take place at various degrees depending on the soil type (clay mineralogy), percentage of calcium, pH of the media and availability of water to facilitate pozzolanic reactions [12] . The variation of total liquid volumes in the cathode well for soils S1 and S2 due to electro-osmotic flow is presented in Figure 2 . It can be seen from this Fig that higher electro-osmotic flow rate and consequently higher cumulative electroosmotic flow volume was recorded for soil S1 (kaolinite) in comparing with soil S2 (bentonite). However in both soils, with increasing processing time, the rate of electro-osmotic flow through the soil samples gradually decreased and the chemical-electrokinetic processes across the soil were mostly controlled by the ionic redistribution complications developed within the soils.
From Figure 2 it can also be observed that for both soils with hydrated lime enhancement, higher cumulative electro-osmotic flow volume has been recorded in comparing with saline enhancement. This can be due to the H-S theory, where the electro-osmosis permeability (eq 3) and electro-osmotic flow rate (eq 4) under an electrical gradient are indirectly proportional to the viscosity ( η ) of the pore fluid. As mentioned previously, saline solution has higher viscosity compared to hydrated lime due to existence of water-soluble thick liquid; sodium silicate. Therefore, with saline enhancement the viscosity of the pore fluid increases and electro-osmotic flow rate decrease. This led to delaying of electro-osmotic flow through the soils and reduction of cumulated cathode effluent.
Electric current flow:
Variation of electric current flow (I) over time across the soils S1 and S2 with hydrated lime and saline enhancement are presented in Figure 3 . From this Figure it can be observed that all the tests begin with relatively high electric currents, while with passing processing time, the current reduces reaching almost constant values. Generally, as for the electrokinetic treatment with injection of enhancement solutions, in addition to the electrokinetic effects, the increase of cation in the soil will result in an increase of hydration of cations, which causes more absorbed water, along with the cation, to migrate towards the cathode [4] . During the initial period of the chemical-electrokinetic treatment, a higher rate of electrolysis reactions (higher rate of H + production and higher ionic concentration) leads to a higher electro-conductivity of the pore solution and hence the total electric current flow through the sample will increase. However, with the passage of processing time, ionic concentration decreases due to diffusion and advection through the sample, a lower rate of electrochemical processes (electromigration) and probably adsorption to clay minerals, which causes lower ionic distribution across the sample and leads to lower electric current flow.
According to the Figure 3 , soil S2 showed higher rate of electrolysis reactions and higher electric current flow through the soil sample. Moreover, the electric current flow through the soils seems to be higher with saline enhancement, which can be due to greater ionic concentration and conductivity of the initial pore solution. On the other hand, saline enhancement solution which was injected into the soils will increase electrochemical effects such as an increase of cation exchange and precipitation on the surface of clay particles leading to a higher current through the soil samples.
Chemical-electrokinetic effect on index properties of the soils
The chemical-electrokinetic process can modify the system chemistry of the porous media and therefore it can influence various index properties of the soils.
Chemical-electrokinetic effect on moisture content (MC) variations: variation of Mc of the soils S1 and S2 at regular normalized distances from the anode with hydrated lime and saline enhancement has been shown in Figure 4 . Negative surface potential of the clay particles led to a positive electro-osmotic flow rate from the anode to cathode. This led to Mc variations across the tank, although the introduction of the enhancement solutions reduced the possibility of extreme dry regions at the anode. The results from the Figure 4 show that under the all chemical-electrokinetic processing conditions employed in this study, a considerable Mc gradient was built up in the kaolinite soil between the electrodes, dry regions near the anode and wet areas near the cathode. Soil S2 showed higher Mc values and variations due to possessing higher initial moisture content. The passage of enhancement solutions through the soil reduced the potential to form an extreme dry region near the anode. Similarly the existence of a vacuum pump at the cathode reduced the potential to form an extreme wet area near the cathode. The location of wet and dry regions depends on the properties of the soil such as mineralogical, permeability characteristics, clay type and content and DDL characteristics [21] .
From Figure 4 it can also be observed that saline solution created lower Mc values in both soils especially near the anode. This can be due to the change in pore fluid characteristics such as viscosity of the saline enhancement solutions: calcium chloride and sodium silicate. As mentioned previously, sodium silicate is a thick liquid having a higher viscosity compared to distilled water. This higher viscosity of the pore fluid can lead to lower electro-osmotic and electrophoretic mobility through the soil samples. With the nature of high viscosity, saline solution would travel slower than hydrated lime solution. Further, bentonite has a natural property with high Atterberg Limits and clay content (see Table 1 ). Therefore, bentonite with saline solution would exhibit high moisture content at the vicinity of the cathode Chemical-electrokinetic effect on pH variations: The development of the pH gradient across the electrodes, for soils S1 and S2 measured at regular normalized distances from the anode with hydrated lime and saline enhancement is illustrated in Figure 5 . As it can be observed from these results, it is noticed that under the all chemical-electrokinetic processing conditions employed in this study, a considerable pH gradient was being developed in both soils between the electrodes, forming an acid front at the anode and a base front at the cathode, although the passage of enhancement solutions through the soil reduced the extreme acidity near the anode. The pH measured for Soil S2 was found to be higher due to the higher pH value of soil S2 (pH=10) compared to Soil S1 (pH=8.6). The pH of the soil S2 remained unchanged during the early stages of the chemical-electrokinetic treatment due to the higher buffering capacity of bentonite, compared to kaolinite (soil S1). However with the passage of processing time, the pH of both soils started to drop reaching almost lowest value after 15 days of treatment.
From the results it can be also concluded that both enhancement solutions aimed to decrease the extreme acidity of the soil at the vicinity of the anode, especially with hydrated lime possessing higher pH value (pH=12.4) compared with saline solution (pH=9.5), hence possessing greater neutralizing potential. The presented results in Figure 5 also indicate that final acid-base chemistry (pH profile) is almost identical (with pH values ranging from approximately 3±1 at the anode and 9±1 at the cathode under all test conditions) although the hydraulic conductivity, initial moisture content and fabric of both soils are different. Therefore it is apparent that the influencing factors are clay mineralogy, DDL characteristics and ionic concentration of the pore solution.
Chemical-electrokinetic effect on Atterberg limits variations:
The plasticity properties of a soil depend on the soil moisture content as well as the variations in the chemistry of the soil-solution mixture. If a soil mineral has a greater ability to attract water to its surface, it can absorb more water before reaching the Liquid Limit (LL). That means more negative clay particle surfaces can absorb more water and result in higher LL values.
Variation of Atterberg Limits of the soils S1 and S2 at regular normalized distances from the anode with hydrated lime and saline enhancement are shown in Table 3 . Results from the Atterberg Limit tests revealed that after 15 days of treatment, there was a net improvement in soil Atterberg Limits and plasticity characteristics in soil S1 from anode to cathode. However for soil S2 this trend was inverse being from cathode to anode. This can be due to the lower rate of electro-osmotic flow and electromigration in the soil S2 from anode through the cathode. From the test results it can be concluded that for soil S1, the soil-liquid interactions in the sample led to collapse of the DDL structure near the cathode and formation of 'flocs' which resulted in decrease of plasticity of the soil. As in many investigators' studies [4, 12] , Ca 2+ released from the enhancement agents and migrating through the cathode can exchange Na + on the surface of clay, which makes the DDL of the clay thinner, leading to decrease of the Plasticity Index (PI) of the soil near the cathode.
For soil S2, the soil at the vicinity of the anode became flocculated and aggregated, leading to collapse of the DDL structure near the anode leading to low plasticity. This can be due to the lower rate of electromigration of the ions (e.g. Ca
+2
) from anode to cathode. Therefore towards the anode, the concentration of both exchangeable and water soluble Na + ions existing in bentonite is significantly reduced. This eventually creates a more flocculated clay structure and less negative clay particle surfaces leading to less plasticity. Conversely, closer to the cathode the Na+ concentration is significantly higher due to accumulation of Na + ions under high pH environment, which leads to a more dispersed structure. Moreover, the shifting of Na + ions towards the cathode region would decrease the LL and PL of the soil at the vicinity of the anode. More Na + ions in the pore solution and on the particle surface increase the water sorption behavior of the soil since Na + ions can attract more water. The release of Ca +2 and OH -ions from the enhancement agents into the soil pore solution, subsequent cation exchange (substitution of Ca +2 ions for the existing Na+ ions in Bentonite) and agglomeration-flocculation reactions, would suppress the thickness of the DDL and subsequently reduce the soil dispersion especially near the anode. Therefore for both soils, Liquid Limit (LL), Plastic Limit (PL), Plasticity Index (PI) And Linear Shrinkage (LS) of the soils appeared to be appropriate and sensitive parameters with which to determine whether chemical changes have occurred in the soil as a result of the chemical-electrokinetic treatment.
Conclusions
This paper has presented some laboratory results of a study undertaken to investigate the chemical-electrokinetic treatment effects in two types of clay soils (S1: kaolinite and S2: bentonite) subjected to two anode enhancement solutions under a predetermined voltage gradient of 30 V (1 V/cm) for duration of 15 days. From the analysis of the test results the following conclusions can be made:
With the application of DC electric potential through the sample, the soil-liquid medium undergoes several physical, chemical and electrical changes due to several complex electrochemical processes that take place within the soil porous media. The most prominent observation of these experiments was the development of wet and drier areas between the electrodes due to positive electro-osmotic flow from anode to cathode Higher rate of electro-osmotic flow is observed during the early stage of the Chemical-electrokinetic process under both processing conditions while with processing time, a gradual decrease in the rate of electro-osmotic flow was noted. The rate of electro-osmotic permeability (k e ) of soil S1 was found to be higher compared to soil S2 leading to higher cumulative electro-osmotic flow volume in the cathode.
The tests began with relatively high currents, however with processing time the current declined gradually. Soil S2 exhibited greater electric current flow. The electric current through the both soil samples found to be higher with saline enhancement.
A clear Mc gradient in both soils increasing from anode to cathode was built up in both soils. Saline enhancement led to lower electroosmotic flow and Mc variations due to higher viscosity of the pore fluid.
An obvious pH gradient was being developed in both soils between the electrodes, creating an acid front at the anode and a base front at the cathode, although the passage of anode enhancement solutions through the soil reduced the extreme acidity near the anode. This reduction in pH of the soil was higher with saline enhancement possessing lower neutralizing effect than hydrated lime.
During the chemical-electrokinetic treatment, there was a net improvement in Atterberg Limits and plasticity characteristics in soil S1 from anode to cathode and in soil S2 from cathode to anode. This can be due to the lower rate of electro-osmotic flow and electromigration in the soil S2 from anode through the cathode. In both soils the Ca 2+ ion released from the enhancement agents could exchange Na + on the surface of clay, which makes the DDL of the clay thinner, leading to decrease of the PI of the soil near the electrode.
Based on the results presented, the index properties of the soils appeared to be appropriate and sensitive parameters with which to determine whether physicochemical changes have occurred in the soil as a result of the chemical-electrokinetic treatment. By concentrating on the factors of soil plasticity and drainage, the chemical-electrokinetic treatment method can be both economic and effective to stabilize and improve engineering properties of soft soils for constructions and infrastructure management. However, further investigations both in the lab and field are essential for the development of possible practical methods.
